ABSTRACT
The cause of Parkinson's disease (PD) is currently unknown. Although a genetic cause has been implicated in familial PD, the vast majority of cases are considered idiopathic. Environmental toxins have been implicated as a cause for PD by many investigators. Unfortunately, the magnitude of this exposure would likely need to be very high and as a result, would likely have been identified by the many epidemiological studies performed to date. Recently, we inadvertently realized that exposure to neurotoxins while still in utero may also represent a risk factor.
Thus, exposure to the bacteriotoxin, lipopolysaccharide (LPS) during a critical developmental window in rats, leads to the birth of animals with fewer than normal dopamine (DA) neurons. This DA neuron loss is apparently permanent as it is still present in 16 months old animals (the longest period studied to date). Moreover, the loss of DA neurons seen in these animals increases with age thereby mimicking the progressive pattern of cell loss seen in human PD. The DA neuron loss is accompanied by reductions in striatal DA, increases in DA activity, and increased production of the pro-inflammatory cytokine Tumor Necrosis Factor alpha (TNF-alpha). These are also characteristics of the PD brain. This model therefore shares many of the same characteristics with PD, and most importantly exhibits a slow, protracted loss of DA neurons -a characteristics of this animal model not found in other models.
Interestingly, a common complication of pregnancy is a condition known as bacterial vaginosis (BV), which is known to produce increased levels of LPS and pro-inflammatory cytokines in the chorioamniotic environment of the fetus. This raises the interesting possibility that BV may be a risk factor for PD. The possibility that prenatal toxin exposure may contribute to the development of a neurodegenerative disease of the aged raises interesting new pathogenic questions and draws attention to the possibility that in utero exposure to neurotoxins may represent a here to fore unrecognized cause of PD.
THE ETIOLOGY OF PARKINSON'S DISEASE (PD)
Evidence links both genetic and environmental factors to the development of PD. Autosomal dominant inheritance of PD has been mapped to chromosomes 4 (alpha-synuclein) (1,2), 2p13 (PARK3), 4p15 (PARK4), 14q32.1 (SCA3), and 12q23-q24.1 (SCA2) (3) . Autosomal recessive inheritance of PD has mapped to chromosomes 6q25.2-q27 (Parkin), and 1p35-p36 (PARK6, 7) (4-6). Although a genetic basis accounts for some cases of PD, the vast majority of PD is idiopathic and therefore of unknown etiology. This has led many to suggest that environmental factors are responsible.
Exposure to agrochemicals such as pesticides/herbicides or copper, manganese, lead, and iron (7-9) may account for some cases, but a clear-cut relationship between these environmental factors and most cases of PD has not been established. Other environmental factors including exposure to viruses (post-encephalitic PD) (10) and consumption of foods thought to contain excitotoxins Figure 1 . Depiction of the conventional hypothesis for Parkinson's disease. The solid line indicates the theoretical age-related loss of DA neurons that occurs in all individuals. The dotted line depicts the DA cell loss induced by a short-lived exposure to an environmental neurotoxin which kills a sub-population of those cells. The age related decline then brings that patient to the symptom expression threshold in later life. The dashed line indicates age-related DA neuron loss in patients born with fewer DA neurons. In normal individuals, the magnitude of the toxin exposure needed to satisfy the premise of the Calne-Langston hypothesis (Calne and Langston, 1983 (13)) is very large (a + b) and would likely be detected in epidemiological studies.
In contrast, the magnitude of neurotoxin exposure needed in patients born with fewer than normal DA neurons would be significantly less (b).
(ALS-PD-Dementia Complex of Guam) have also been proposed (11) . In the mid-1980s the involvement of environmental dopamine (DA) neurotoxins in PD was brought into focus when drug abusers inadvertently consumed a synthetic opioid compound eventually found to contain the DA specific neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (12) . As a result, Calne and Langston (13) hypothesized that an environmental neurotoxin, in combination with normal aging, was responsible for PD (figure 1). They proposed that toxin exposure killed DA neurons, but that the toxin-induced DA neuron loss was not, by itself, sufficient to bring the affected patient to the symptom threshold (figure 1 a; symptom threshold is widely believed to be loss of ~80% of the striatum's DA and 50% of the DA neurons in the substantia nigra compacta (SNc)). They thus proposed that normal agerelated losses of DA neurons resulted in further DA neuron loss sufficient to produce PD symptoms. In some respects this hypothesis has been borne out since abusers who took large dosages of MPTP developed symptoms within a week while others exposed to lower dosages, developed symptoms years later (14) . Over the past 19 years, however, both major components of the Calne-Langston hypothesis have been challenged. Current thinking suggests that both environmental neurotoxins and aging are involved, but not as originally proposed.
ENVIRONMENTAL NEUROTOXINS AND PD
Numerous DA neurotoxins are known to exist and exposure to them has been hypothesized to increase the risk of PD. These chemicals can be synthetic or natural and many have been used as pesticides or herbicides (e.g., paraquat and maneb (14) (15) (16) (17) (18) , rotenone (19) , or dieldrin (20) (21) (22) ). Exposure to these chemicals can be occupational, or alternatively, can arise as a result of consumption of well water contaminated with these substances. Indeed, several authors have argued that exposure to well water from agricultural communities where herbicides and insecticides are frequently used, increases the risk for developing PD (23, 24) . Other toxins are produced endogenously in the brain, often as a result of excess DA metabolism (e.g.: 6-hydroxydopamine (6OHDA) (25, 26) , cysteinyl adducts of DA (27) (28) (29) (30) , dopaldehyde (DOPAL) (31,32), N-methylnorsalsolinol (33), N-methyl-salsolinol (34), tetrahydropapaveroline (35-37), and 1-benzyltetrahydroisoquinoline (38,39). Regardless of their source, all of these chemicals have been shown to reduce numbers of DA neurons in tissue culture, in animals, or both. Even though many of these chemicals have been found in the brains of PD patients, if they were responsible for PD, it is likely that epidemiological studies would have identified clusters of patients sharing that exposure as was the case with MPTP, post-encephalitic Parkinsonism, and the ALS-PD-Dementia Complex of Guam. It could be argued that the lessons learned from the ALS-PD-Dementia Complex of Guam as well as Post-encephalitic PD suggest that symptom expression can follow exposure by many decades making identification of environmental neurotoxins difficult. Even so, the failure to identify clusters of patients exposed to a single environmental toxin makes it unlikely that a single environmental neurotoxin can account for all cases of PD. This has led to hypotheses suggesting that multiple factors are responsible for PD and the CalneLangston hypothesis would have to be revised accordingly. Regardless, whether or not exposure to environmental neurotoxins is a risk factor for PD, the Calne-Langston hypothesis also requires age-related losses of DA neurons to produce further cell loss and PD symptoms. Unfortunately, recent studies suggest that age-related loss of DA neurons does occur in humans, but that the pattern of cell loss is inconsistent with that typically seen in PD.
AGING AND DA NEURON LOSS
In humans, the number of DA neurons decreases with age (40,41). These studies are accompanied by an extensive literature demonstrating age-related indicators of DA neuron loss including loss of DA transporters (DAT) (42), striatal DA (43), DA receptors (44-46), and increased DA activity (43,47). Most of these age-related changes in DA markers generally exhibit a linear decline as seen in figure 1 . The same changes (decreased nigral THir and DATir neurons) have also been reported in aged Rhesus monkeys (48). If normal aging were responsible for a progressive decline in DA neurons in a PD patient exposed to an environmental neurotoxin, then the loss of DA neurons in the preclinical and clinical phases of PD would similarly be linear. However, the rate of PD progression is thought to be exponential early in the disease process (see extensive discussion by Agid, Y(49)) and a recent positron emission tomography (PET) study suggested that the degenerative process responsible for PD starts approximately 5-7 years prior to symptom expression and is more rapid than would be anticipated by normal aging (50). Moreover, the pattern of cell loss in the SN compacta (SNc) of PD patients appears to differ from the aged brain, by predominantly affecting the lateral SN and its ventral tier (41). The loss of DA in aged brain is similar in the caudate and the putamen nucleus with the caudal component of both nuclei being more affected than the rostral subdivisions. However, the levels of subregional DA metabolism, as measured by the homovanillic acid/dopamine ratio, in young individuals was found to be inversely correlated to the degree of subregional DA loss suffered by the individuals in the older age groups (43). These observations argue against normal aging as a contributor to PD. However, the focus on aging as it relates to PD pathogenesis has primarily been on loss of cell numbers. If we were to presume that PD is a consequence of exposure to environmental neurotoxins as well as age-related loss, then a neurotoxin could produce a more lateral loss of DA neurons and subsequent age-related losses would reduce the overall number of cells. This could account for the pattern of cell loss seen in the PD and still be consistent with the Calne-Langston hypothesis.
AGE AT EXPOSURE TO ENVIRONMENTAL TOXINS
Inherent within the Calne-Langston Hypothesis is the notion that exposure to environmental toxin(s) occurs during mid-life. This is presumably based on the assumption that an individual is most likely to be exposed to harmful DA neurotoxins as result of work-related activity, consumption of well water contaminated with neurotoxins, or exposure to infectious agents. However, what if exposure were to occur in utero and somehow interfere with the normal development of the DA neuron? An individual so exposed might be born with fewer than normal DA neurons and further, would be at increased risk for DA neuron loss resulting from future DA neurotoxin exposure. Together with age-related loss, this could lead to the pattern of cell loss seen in PD patients. More importantly, if individuals born with fewer than normal DA neurons did indeed exist and they were more susceptible to the effects of environmental toxins, then the level of exposure would likely be significantly lower than expected (b in figure  1 ). Low dose exposure would make it more difficult to detect epidemiologically, increasing the probability that environmental toxins are involved with the etiology of PD. In addition, exposure during development might include a set of entirely new neurotoxins that have not been considered previously. Recent data from our laboratory suggest that in utero toxin exposure may indeed serve as an entirely new and here to fore not considered risk factor for PD.
DA NEURON DEVELOPMENT
Our interest in exploring prenatal risk factors for PD developed serendipitiously. Soon after the seminal publication by Reynolds and Weiss (51) demonstrating that stem cells could successfully be isolated from the subventricular zone of the adult brain, we set out to identify cells with similar properties in the mesencephalon. Our intent was to find cells that were destined to become DA neurons, isolate them, expand and passage them, and then utilize them as an unlimited source of DA neurons for transplantation into patients with PD. For two years we were able to isolate and passage these cells, but regardless of the molecules used (e.g., neurotrophic factors, known growth factors, or tissue homogenates), we were unable to reliably induce their conversion into cells that expressed tyrosine hydroxylase (TH), a marker for DA neurons. This failure led to the search for a completely different set of signaling molecules. We reasoned that since hematopoietic cytokines normally regulate the expansion and lineage restriction of cells in bone marrow, they might perform similar functions within the CNS. We evaluated every cytokine then currently available and discovered that IL1alpha and IL-1beta were able to induce the DA phenotype (52). We performed a clonal expansion of these mesencephalic progenitor cells and found that certain clones were more susceptible to the TH inducing effects of IL-1. We characterized this clone and showed that in response to IL-1, leukemia inhibitory factor (LIF), and glial cell line-derived neurotrophic factor (GDNF), the cells exhibited several phenotypic markers of the DA neuron including TH, the DA transporter, DA, potassium-evoked DA release, and DOPA decarboxylase (DDC). Moreover, these cells reliably converted in high percentage to DA neurons following an in vitro five hour exposure to the cytokine "cocktail", survived implantation into 6-hydroxydopamine lesioned rats, and attenuated amphetamine-induced rotational asymmetry as effectively as freshly harvested ventral mesencephalic grafts (53). A similar conversion has now been performed in human mesencephalic progenitors (54).
We subsequently attempted to modify IL-1 in the developing brain in an effort to demonstrate that this cytokine was centrally involved in the development of the nigro-striatal pathway. Our focus at that time was predominantly on IL-1 since our in vitro studies suggested that this molecule played a central role in regulating the expression of the DA phenotype during development. We therefore asked the question as "What would happen if we increased IL-1 levels in the fetal brain just prior to the development of DA neurons?" Our assumption was that we would produce a brain "hyper-innervated" with DA neurons. We observed the exact opposite.
IN VIVO LPS EXPOSURE REDUCES E14.5 THir CELLS IN PRIMARY MESENCEPHALIC CULTURES
Gravid female rats from embryonic (E) day 9 to E14 were injected i.p. with 1 mg/kg lipopolysaccharide (LPS).
LPS (also called endotoxin) is a potent immunostimulant derived from the cell wall of Gram (-) bacteria. Optimal LPS signaling requires activation of the CD14 receptor and the Toll-like receptor (TLR4) which are expressed on monocytes and macrophages (55-57) as well as in brain cells (predominantly microglia) (56,57). The binding of LPS to its receptors is facilitated by LPS binding Figure 2 . Prenatal LPS exposure at E10.5 reduces THir cell counts in mesencephalic cultures. Gravid rats received one i.p. LPS injection at various gestational days. The embryos were collected for mesencephalic cultures at E14.5 (animals received LPS at E14.5 were sacrificed 5 minutes after LPS injection and were used as a control group). Cultures were processed for tyrosine hydroxylase (TH) and microtubule associated protein 2 (Map-2) immunoreactive (ir) cells after three days. The greatest THir cell loss (a) and lowest THir/Map-2ir ratio (B) were observed in cultures prepared from animals exposed to LPS at E10.5 (*: P<0.05; bars represent mean and standard deviation).
protein (LBP) which binds LPS through recognition of lipid A and shuttles LPS onto the CD14 receptor which then couples with TLR 4 (57,58). Cells activated by LPS produce lysosomal enzymes, increase phagocytosis, secrete hydrolases, and release proinflammatory cytokines such as IL-1beta, TNF-alpha, IL-6, IFN-gamma, and other chemokines (59) . Since LPS is widely used to increase proinflammatory cytokines and penetrates tissues readily, it seemed a logical choice for this experiment. At E14.5, the rats were sacrificed, the embryos removed, and the mesencephalic tissue harvested and cultured as previously described (60) . Cells were grown for three days and fixed for TH and microtubule associated protein (Map-2; a general marker for neurons) immunocytochemistry. The number of TH immunoreactive (ir) cells and the ratio of THir cells to Map-2ir cells were used as dependent variables.
Significant THir cell loss (F 6,13 = 2.934, P=0.02) as well as a decrease in the ratio of THir/Map-2ir cell counts (F 6,13 =4.69, P=0.01) were observed (figure 2). The loss of THir cells (figure 2 A) and the reduction in the ratio (figure 2 B) were most pronounced in the cultures corresponding to the E10.5 LPS exposure (61) . These data suggested that LPS was toxic to DA neurons in vivo and further, that the toxic effects observed were dependent upon gestational age. Since E11 is the earliest time that THir mRNA can be detected in the rat embryo (62) , it appeared that LPS had its most pronounced effects when DA neurons were being born. Although IL-1beta was increased in these brains, its levels were significantly higher than that shown optimal for DA neuron induction in tissue culture. In fact, we had previously shown that the effects of IL-1beta on stem cell conversion exhibited an inverted U-shaped dose-response curve suggesting that higher levels of IL-1beta were toxic to normal DA neuron development (52). In addition, we had previously shown that other cytokines induced by exposure to LPS, were also toxic to DA neurons. Thus, we demonstrated that TNFalpha could selectively kill DA neurons in tissue culture via apoptosis and that both the TNFR-1 and TNFR-2 receptors were present on young developing DA neurons (63) . It was therefore possible that these pro-inflammatory cytokines participated in killing DA neurons instead of stimulating the anticipated increase in cell number.
PRENATAL LPS EXPOSURE REDUCES DA NEURONS
Although the results from the previous study were suggestive of LPS in vivo toxicity, they represented an artificial environment (in vivo toxin with effects assessed in vitro). In addition, it was possible that the effects LPS had on the growth of DA neurons in tissue culture were transient or represented a developmental delay, but that the actual number of DA neurons present by the time of birth were normal. We thus examined the effects of LPS in vivo by studying prenatally exposed offspring at various postnatal (P) days. All studies completed to date have shown the same attenuation in DA neuron counts.
All studies have involved making a single i.p. LPS injection of 10,000 endotoxin units (EU)/kg at E10.5. The dams tolerate the procedure very well since the dose used is actually quite low relative to those used to study sepsis and fever. As can be seen from table 1, the THir cell loss is approximately 30% in very young animals and appears to increase progressively with age. Several different studies have been run to date with the longest survival time being 16 months. In table I four groups of animals have been depicted. The data from animals sacrificed at P10 and P21 were from two separate groups and all the cell counts were assessed in a stereological fashion. The cell counts from the P120 and P480 groups were from litter mates. Figure 3 , shows typical TH staining of the mesencephalons from control animals (figure 3 A) and the animals exposed to LPS prenatally ( figure 3 B) . Note that the cell loss was most pronounced in the lateral regions of the SNc as well as its ventral tier. Demonstrating reduced cell counts in these older animals following prenatal exposure is important since this time is well past the primary and secondary phases of natural apoptotic cell death (DA neuron culling peaks at P2 and again at P14 (64)) suggesting that LPS does not produce a developmental delay, but rather a lasting cell death. The cell loss seen in these animals was also associated with reduced striatal DA as well as elevated DA activity ([HVA)]/[DA]) suggesting that those DA neurons remaining were synthesizing and metabolizing DA more rapidly. Such increases in DA activity are almost always seen in patients and animals with DA neuron loss and are associated with increased production of free radicals. Increases in reactive oxygen species (ROS) are a common finding in PD brain and may contribute to further DA neuron loss and the progression of disease (65, 66) . The estimation of the total number of THir neurons in the SN was performed using the computerized optical dissector method. This method allowed for the stereological estimation of THir cells in the entire structure independent of size, shape, orientation, tissue shrinkage or anatomical level using MicroBrightField software (61) . If a percent change is indicated it is p < 0.05; n=6-8/treatment group; the numbers following percent change are the mean and S.D. of the control group. In addition to losses in DA neurons, prenatal exposure to a single dose of LPS at E10.5 leads to elevations in pro-inflammatory cytokines, especially TNFalpha (table 2) . Although IL-1 beta was increased in early post-natal life, this pro-inflammatory cytokine returned to normal levels by P21. In contrast, TNF-alpha levels were not only elevated in early post-natal life, they remained elevated throughout life. This finding is significant since TNF-alpha has been shown to be elevated in the brains of patients dying with PD (67, 68) . It is also noteworthy that TNF-alpha is toxic to DA neurons. The increases in ROS produced by augmented DA activity together with higher levels of TNF-alpha could combine to produce a selfperpetuating cycle of DA cell loss thereby contributing to progressive degeneration -the hall mark of PD. Indeed, inflammatory processes, such as gliosis and increased TNFalpha, are associated with several chronic neurodegenerative disorders such as PD, Alzheimer's disease, and amyotrophic lateral sclerosis (67-69).
PRENATAL INFECTION, PROINFLAMMATORY CYTOKINES AND BACTERIAL VAGINOSIS (BV)
Although these data were encouraging and suggested that prenatal exposure to LPS and proinflammatory cytokines might lead to animals born with fewer than normal DA neurons, the clinical relevance of such a model was not apparent. As we pursued this concept, we discovered an extensive literature on a common complication of pregnancy called Bacterial Vaginosis (BV). BV commonly occurs in pregnancy (incidence of 14%) (70) and is widely believed to lead to serious pre-and perinatal complications including pre-term parturition, low birth weight and fetal demise (71, 72) . BV is generally associated with the overgrowth of Gardnerella vaginalis, a Gram variable bacteria as well as several Gram (-) bacteria including Eschericia coli (E. coli) which flourish in the vaginal environment when its pH exceeds 4.5 as often occurs in pregnancy (73) . BV often does not produce signs of overt infection aside from a vaginal discharge and, as a result, generally goes untreated. Whether it is symptomatic or asymptomatic, an extensive literature reveals that BV is clearly associated with increased levels of IL-1alpha and beta, IL-6, and TNF-alpha in the chorioamniotic environment and is presumed to be the leading cause of premature delivery and low birth weight (74) (75) (76) . For instance, virtually all women with bacterial intra-amniotic infection have high levels of the cytokines TNF-alpha, IL-1beta, and IL-6 in their amniotic fluid (74) (75) (76) . These cytokines are proposed to trigger pre-term delivery by stimulating the synthesis of prostaglandins by intrauterine tissues which soften the uterine cervix, thus leading to the initiation of labor. LPS has been detected in the amniotic fluid of mothers with bacterial complications as well (77), and is proposed to be the predominant stimulus in promoting the production of cytokines and prostaglandins at the feto-maternal interface (74, (78) (79) (80) (81) (82) . It is also assumed that maternal LPS induces cytokine production by fetal tissues (72, (83) (84) (85) (86) . In addition to premature delivery and low birth weight, BV has been linked to numerous neurological disorders including white matter damage (periventricular leukomalacia), intraventricular hemorrhage, and cerebral palsy (84) (85) (86) .
The existence of BV and its common incidence in pregnancy suggests that exposure to LPS in utero is a realistic possibility.
The fact that it is strongly associated with CNS disorders further suggests that BV could readily produce the effects on DA neuron development hypothesized to occur in the LPS animal model. However, it is important to recognize that . Microglia were isolated from P1 rat pups as previously described (101) . The cultures were grown out for 2 weeks and then exposed to LPS (1,000 EU/ml) or HBSS. After 72 hours the cultures were processed for GFAP and Ox-42 immunostaining. The cultures were virtually microglia pure since only a few GFAP positive astrocytes were detected (data not shown). Cultures exposed to HBSS contained mostly Ox-42-ir cells that had smooth borders indicative of normal resting microglia (A). In contrast, the cultures exposed to LPS had a high percentage of microglia that had uneven borders with fine spike-like processes indicative of activation (B) (bar equals to 5 µm). the effects of LPS on DA neuron development in the rat only occurred following exposure at E10.5 and to a lesser extent, E11.5. This would suggest that BV would only be a potential risk factor for PD when it was present when DA neurons are being born (week 7-9 in humans). Thus, even though the incidence of BV is high during pregnancy, the potential risk of developing PD later in life would be considerably lower. At this time, the incidence of BV during the early stages of pregnancy is unknown.
CYTOKINES AND PD
Although the potential involvement of BV is new, a considerable literature exists on the involvement of pro-inflammatory cytokines and DA toxicity. Several studies have now shown that the pro-inflammatory cytokines TNF-alpha as well as IL-1beta are elevated in the SNc of patients with PD (68, (87) (88) (89) (90) . As predicted by their function, the increases in these pro-inflammatory cytokines were coupled with increases in apoptosis-related proteins and oxidative stress in PD patients (91, 92) . In animals, intracerebral ventricle (i.c.v.) injection of LPS has been shown to reduce TH and DA content in the SNc (93) and in mesencephalic cultures (94, 95) . Similarly, TNF-alpha and IL-1beta are neurotoxic to THir cells in the E14 rat fetus (63, 96) . A recent finding also reported that administration of IL-1beta at birth reduced brain DA content in adulthood (97) . However, if pro-inflammatory cytokines were involved in the pathogenesis of PD, they would have to kill DA neurons specifically and do so more readily in an aged brain. It is difficult to envision such selectivity given the generalized inflammatory response associated with BV. Interestingly, the highest density of microglia in the brain is located within the mesencephalon in rats (98) (whether this is true or not in humans has not yet been examined). Since microglia are considered a major source of production of pro-inflammatory cytokines (99), it becomes possible that regional heterogeneity in the distribution of this cell could lead to preferential regional neurodegeneration.
In order to begin to assess the potential involvement of microglia in DA neurotoxicity, we evaluated the effects of LPS on microglia cultures harvested from rat brain. Microglia were isolated from P1 rat brain as previously described and cultured for two weeks. They were then exposed to various concentrations of LPS (0.1 to 1,000 EU/ml) for 24 hours. The cultures were subsequently fixed and immunostained for the microglia marker Ox42. The supernatants were assessed for TNF-alpha using ELISA as described in the R and D kit instructions (61) . LPS increased TNF-alpha production in a dose-dependent fashion (F 1,9 =914.254; P<0.001; TNFalpha ranges from 0 to 196 pg/ml). Moreover, examination of the cultures immunostained for Ox42 revealed a dramatic increase in the number of activated microglia (activated microglia shown in figure 4 B). These data suggest that LPS induces increases in TNF-alpha in CNS microglia associated with activation of microglia, and that microglia could be the source of increases in proinflammatory cytokines within the CNS following exposure to LPS. Whether or not activated microglia remains the Figure 5 . LPS sensitized primary mesencephalic cultures to subsequent exposure to rotenone. Primary mesencephalic cultures were harvested from E14.5 rat fetuses. After 72 hours in complete media (CM) containing 10%fetal calf serum (FCS), they were exposed to a fixed concentration of LPS (1,000 EU/ml) for an additional 72 hours. The media was then changed and the cultures were subsequently exposed to CM alone or CM containing various concentrations of rotenone (100 pM-10 micro M). After an additional 72 hours, the cultures were processed for tyrosine hydroxylase immunochemistry and the numbers of THir cells were counted.
source of increased TNF-alpha production in the months following LPS exposure remains to be established. However, if as the in vivo data shows, TNF-alpha remains elevated throughout life, and these animals have reduced numbers of DA neurons to begin with, then exposure to a DA neurotoxin later in life should produce a more profound DA neuron loss. Preliminary studies in our laboratory are consistent with this hypothesis.
DA NEUROTOXIN TREATMENT FOLLOWING LPS EXPOSURE
The effect of prior exposure to LPS on the subsequent effects of DA neurotoxins has been explored both in vitro and in vivo. Primary mesencephalic cultures harvested from E14 rat fetuses were cultured as previously described. After 72 hours in complete media (CM) containing 10%fetal calf serum (FCS), they were exposed to a fixed concentration of LPS (1,000 EU/ml) for an additional 72 hours. A dose of 1,000 EU/ml LPS was chosen here because previous studies had shown that it had a minimal effect on the growth of THir cells in culture. The media was then changed and the cultures were subsequently exposed to CM alone or CM containing various concentrations of rotenone (100 pM-10 micro M). After an additional 72 hours, the cultures were processed and assessed for the number of THir expressing neurons as previously described.
Rotenone, produced a dose-dependent decrease in THir cells in culture (F 1,13 =59.951; P<0.001) (figure 5). The 100 nM concentration produced a statistically significant loss of cells, and at concentrations greater than 1 micro M, virtually all the THir cells were lost. Since rotenone is a complex I inhibitor with a mechanism similar to that of the known DA neurotoxin MPTP (19) , its toxicity was not unexpected. In contrast, prior exposure to LPS produced a dramatic left-ward shift in the toxicity curve. Thus, in cultures pre-exposed to LPS and subsequently exposed to rotenone, concentrations as low as 100 pM significantly reduced the THir cell counts. As expected, pretreatment with the low concentration of LPS used, had a minimal, non-significant effect on the number of THir cells in the cultures (18% decrease). However, the combined effects of pre-treatment with LPS and rotenone appeared to have a synergistic effect on THir cell counts as reflected by the significant interaction term (F 1,6 =4.735; P=0.008). Although these results should only be considered preliminary and the effects of the two toxins on other cell types in the cultures must be assessed, they do suggest that prior exposure to LPS sensitizes DA neurons to the effects of subsequent toxin exposure. Again however, a number of factors unique to the tissue culture environment could have contributed to this effect. We therefore evaluated the effects of rotenone in 8 month old animals that had been exposed to LPS prenatally in a small pilot study to determine if prenatal exposure to LPS sensitized adult animals to the effects of DA toxins.
Gravid female rats (n=21) were treated with 10,000 EU/kg LPS (n=11) or Hank's Balanced Salt Solution (HBSS; n=10) in utero at E10.5. The females gave birth at ~E21.5 and the apparently normal pups were allowed to mature. One animal from each litter was then passed to post-natal treatment at 7.5 months. Animals were continuously infused into the right jugular vein via Alzet mini-pump with either HBSS or rotenone (1.5 mg/kg/day) for 14 days as previously described (19) . After 14 days, the animals were sacrificed, the brains removed and fixed, and the mesencephalons immunostained for TH as described previously.
Unfortunately, the data from this study is only suggestive, since an unanticipated high mortality was seen in the rotenone infused animals exposed to LPS prenatally. Only three of the animals in this group survived the protocol and two others were sacrificed prematurely due to significant morbidity. Only two animals exposed to HBSS prenatally and rotenone at 7.5 months died (within 72 hours of the surgery) and the other 8 animals tolerated the procedure without problem.
Examination of the mesencephalic sections from animals exposed to LPS prenatally and infused with rotenone after 7.5 months revealed a more profound THir cell loss relative to animals exposed to LPS and saline.
Moreover, the TH immunostaining in the rotenone animals exposed to LPS prenatally exhibited a diffuse pattern consistent with severe necrosis, massive cell loss and inflammation (figure 6, C and D). Although this study must be repeated, the preliminary findings appear to support those from tissue culture and suggest that prenatal exposure to LPS renders the animals so exposed more sensitive to the effects of DA neurotoxins in later life. A recent study by Gao et al. has demonstrated synergistic toxic effects of LPS and rotenone Figure 6 . Photo-micrographic depiction of the substantia nigra of 7 month old rats exposed to prenatal HBSS (A and B) and LPS (C and D) followed by postnatal jugular rotenone infusion. The animals exposed to LPS prenatally and rotenone postnatally (LPS/Rotenone) had profound cell loss and diffuse THir staining indicative of severe necrosis (C and D) (bar equals to 0.5 mm).
in rat mesencephalic cultures and this synergy was likely mediated by NADPH oxidase (100). This is in agreement with our findings.
CONCLUSION AND PERSPECTIVES

Prenatal LPS as an Animal Model of PD
The data completed to date demonstrates that prenatal exposure to a low dose of LPS leads to the birth of animals born with fewer than normal DA neurons. This DA neuron loss appears to increase with age. This progressive DA neuron loss is associated with reduced levels of striatal DA and increased DA activity. In addition, the pattern of DA neuron loss is similar to that seen in patients with PD, since the magnitude of loss is most pronounced in the lateral SNc and its ventral tier. As is true in PD, the loss of DA neurons is accompanied by increases in TNF-alpha as well as oxidized protein. Taken together, this animal model shares many of the same characteristics with PD (microglial activation and gliosis are currently under investigation). More importantly, the progressive cell loss seen in these animals is slow and protracted. Although many animal models have been shown to produce the characteristics of PD seen in the prenatal LPS model, none have been able to produce a progressive continued loss of DA neurons in the absence of continued toxin exposure. This unique feature of the LPS model lends itself to a variety of types of studies that are not practical in the other models where the toxin-induced DA neuron loss occurs over a few days or at best a few weeks. In addition, the slow progressive nature of the DA neuron loss in the LPS will enable us to better identify the compensatory changes of the nigro-striatal pathway to the gradual loss of DA neurons. The characterization of these changes will undoubtedly lend insight into the processes that accompany DA neuron loss in PD.
Prenatal LPS as a Model of BV
The potential link between prenatal LPS exposure and PD depends upon acceptance of the assumption that BV can indeed produce the types of changes seen with i.p. LPS treatment. We recently completed a simple study to address this important issue. If prenatal LPS exposure is to be considered a relevant risk factor for PD and our proposed animal model representative of that disease, we should be able to demonstrate that BV is capable of producing DA neuron loss in rats. We mixed matrigel plugs with a solution containing LPS to achieve 10,000 EU/kg. We then inserted the plugs into the vaginas of four gravid females at E11. Control rats had matrigel plugs saturated with HBSS inserted. We then monitored TNF-alpha in the fetal brains at E15. Mesencephalic TNF-alpha levels were increased from 20.70 ± 6.08 pg/mg protein in control animals to 30.02 ±7.88 pg/mg protein in the animals exposed to vaginal LPS (P<0.03, n=3 gravid female rats/group; five embryos from each female were studied). Although this increase is not nearly as high as the one seen following i.p. LPS treatment, it does clearly demonstrate that the LPS produced as a consequence of BV can indeed penetrate the chorioamniotic environment and elevate TNFalpha in brain. Cultures of the mesencephalons from these embryos also demonstrated a toxic effect from LPS matrigel exposure during prenatal development. Thus, in mesencephalic cultures derived from fetuses of females exposed vaginally to HBSS, the average THir cell counts in these cultures was 1373 ± 270.9 cells whereas the cultures from fetuses exposed to matrigel plugs containing LPS had only 1071± 106.6 cells (t student test, p<0.05). We have considered the possibility of actually infecting the pregnant mother's vagina with Gram (-) bacteria, but feel we would not have control over dose. Rather, our intent with these studies was to demonstrate that vaginal LPS can reproduce the effects we see with i.p. LPS and then continue to use the i.p. model so that we can have better control over exposure dosage.
Implications of the LPS Model for the Pathogenesis of PD
The data on the prenatal LPS model collected thus far when considered within the context of BV, suggests that BV might be a risk factor for PD. The possibility that a prenatal toxin could be a risk factor for PD has not been explored previously. If indeed a group of individuals are born with fewer than normal DA neurons as a consequence of BV or exposure to some other type of toxin in utero, then the environmental hypothesis of PD would have to be revised to include epigenetic factors. Moreover, if, as our very preliminary data suggests, animals exposed to LPS prenatally are more susceptible to exposure to environmental neurotoxins later in life, then the level of exposure to those neurotoxins would be significantly reduced. Thus, exposure to other toxins known to kill DA neurons, (e.g., dieldrin) could be significantly lower than previously thought increasing the possibility that exposure to this widely distributed toxin may contribute to PD. Indeed, if it is assumed that patients are born with fewer than normal DA neurons, and that normal age-related declines occur as originally assumed by the Calne-Langston hypothesis, it is readily apparent that the degree of neurotoxin exposure could be significantly lower (figure 1b). This would imply that all environmental DA neurotoxins thus far discovered are more involved in the pathogenesis of PD than previously thought. Unfortunately, developing a rational strategy to assess the potential involvement of BV in PD is difficult given the logistical problems associated with following patients born to mothers who had BV from birth to old age. However, it is hoped that the LPS animal model will begin to generate an appreciation that exposure to bacterotoxins and other types of toxins in utero should be considered when attempting to determine the potential causes for PD.
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